While glycans are generally displayed on the cell surface or confined within the lumen of organelles, they can become exposed to the cytosolic milieu upon disruption of organelle membrane by various stresses or pathogens. Galectins are a family of β-galactoside-binding animal lectins synthesized and predominantly localized in the cytosol. Recent research indicates that some galectins may act as "danger signal sensors" by detecting unusual exposure of glycans to the cytosol. Galectin-8 was shown to promote antibacterial autophagy by recognizing host glycans on ruptured vacuolar membranes and interacting with the autophagy adaptor protein NDP52. Galectin-3 also accumulates at damaged phagosomes containing bacteria; however, its functional consequence remains obscure. By studying mouse macrophages infected with Listeria monocytogenes (LM), we showed that endogenous galectin-3 protects intracellular LM by suppressing the autophagic response through a host N-glycan-dependent mechanism. Knock out of the galectin-3 gene resulted in enhanced LC3 recruitment to LM and decreased bacterial replication, a phenotype recapitulated when Galectin-8-deficient macrophages were depleted of N-glycans. Moreover, we explored the concept that alterations in cell surface glycosylation by extracellular factors can be deciphered by cytosolic galectins during the process of phagocytosis/endocytosis, followed by rupture of phagosomal/endosomal membrane. Notably, treatment of cells with sialidase, which removes sialic acid from glycans, resulted in increased galectin-3 accumulation and decreased galectin-8 recruitment at damaged phagosomes, and led to a stronger anti-autophagic response. Our findings demonstrate that cytosolic galectins may sense changes in glycosylation at the cell surface and modulate cellular response through differential recognition of glycans on ruptured phagosomal membranes.
Introduction
Multicellular organisms are equipped with an array of defense systems that provide protection from pathogens and other cellular insults. Phagocytic cells such as macrophages are among the first lines of defense, killing pathogens in part by engulfing and delivering them to lysosomes for degradation. To evade lysosomal degradation and gain access to the nutrient-rich host cell cytoplasm, many intracellular bacterial pathogens, including Listeria monocytogenes (LM), have evolved strategies to lyse the phagosomal membrane (Portnoy et al. 2002; Ashida et al. 2011 ). The mammalian cell cytosol contains several antimicrobial surveillance systems that either recognize microbial components directly or detect invasionassociated signals, such as the generation of reactive oxygen species (ROS) and phagosomal membrane damage (Tschopp and Schroder 2010) . Subsequently, invading bacteria are targeted for lysosomal degradation via an essential mechanism referred to as selective autophagy (Deretic et al. 2013) .
Recent studies have identified multiple mechanisms that induce antibacterial autophagy. Typically, bacterial pathogens are tagged with ubiquitin and then targeted by adaptor proteins [e.g., p62, nuclear dot protein 52 (NDP52), Tank-binding kinase 1 (TBK1) and optineurin], which bind to microtubule-associated protein light chain 3 (LC3) on newly formed isolation membranes and allow ubiquitin-tagged cargos to be delivered to autophagosomes (Collins and Brown 2010; Thurston et al. 2009; Wild et al. 2011; Zheng et al. 2009 ).
Galectins are β-galactoside-binding animal lectins that have been reported to participate in various physiological and pathological processes, including immunity, inflammation and cancer progression (Liu and Rabinovich 2005; Liu et al. 2012; Rabinovich and Toscano 2009) . Each member of the galectin family contains a consensus amino acid sequence in the carbohydrate-recognition domain (CRD). These molecules are sub-categorized based on their protein structures into one-CRD type (galectin-1, -2, -5, -7, -10, -11, -13, -14 and -15), two-CRD type (galectin-4, -6, -8, -9 and -12) , and a chimera type (galectin-3) (Barondes et al. 1994; Yang et al. 2008) . While galectins are primarily located in the cytoplasm, under certain circumstances they localize to the nucleus or associate with intracellular vesicles, and are detected in the extracellular space (Liu et al. 2012) . A number of studies have demonstrated that galectins recognize microbial glycans [reviewed in Chen et al. (2014) ; Vasta (2009) ; Vasta et al. (2012) ]; however, the majority of these interactions were demonstrated by binding of recombinant galectins to isolated microorganisms, and thus may not reflect natural infectious condition in vivo (Fowler et al. 2006; John et al. 2002; Kohatsu et al. 2006; Quattroni et al. 2012) .
Galectin-3, -8, and -9 were shown to be recruited to vesicles that initially contained intracellular bacteria such as Salmonella typhimurium, Shigella flexneri and LM, but were subsequently ruptured by the bacteria as the latter escaped from the vesicles (Dupont et al. 2009; Thurston et al. 2012) . Recruitment and accumulation of galectins on these ruptured vesicles is dependent on binding of galectins to host glycans that are normally confined to the luminal side of the vesicle, but exposed to the cytosol upon lysis (Paz et al. 2010; Thurston et al. 2012) . Recently, Thurston et al. reported that after binding to host N-glycans on ruptured Salmonella-containing vesicles, galectin-8 recruits the adaptor protein NDP52, which triggers autophagic activation resulting in the confinement of both the bacteria and damaged vesicles within autophagosomes (Thurston et al. 2012) . Meanwhile, promotes the recruitment of guanylate binding proteins (GBPs) to Legionellaand Yersinia-containing vacuoles in IFN-γ-primed mouse bone marrowderived macrophages in a host glycan-dependent manner (Feeley et al. 2017) . Aside from these reports, however, the functional consequence of recruitment of galectins to ruptured bacteria-containing vesicles remains largely unexplored.
During infection by microbial pathogens, glycans displayed on the host cell surface may be modified by endogenous or exogenous glycosidase, thereby affecting host-pathogen interaction and downstream cellular defense mechanisms (Nita-Lazar et al. 2015; Ohtsubo and Marth 2006) . Sialic acids are a family of nine-carbon monosaccharides commonly present at the terminal position of eukaryotic cell glycans. They are highly expressed on the outer cell membrane, at the interior of lysosomal membranes, and on secreted glycoproteins, and are involved in the stabilization of molecules and modulation of interactions with the environment (Varki et al. 2009 ). Because of their outermost position, sialic acids are vulnerable to the action of microbial esterases, sialidases and lyases (Ideo et al. 2003) . Various microorganisms, including viruses, bacteria, protozoa and fungi, produce sialidases, and degradation of human sialic acids by pathogenproduced sialidases is associated with diseases such as periodontitis, cystic fibrosis, pneumonia, and influenza infection (Lewis and Lewis 2012; Vande Velde 2013) . Many microbial sialidases are powerful virulence factors that assist in invasion, unmask potential binding sites, and provide nutrients for the bacteria (Vande Velde 2013) . Several studies have shown that α2-6 sialylation blocks binding of β-galactosides to most galectins, including galectin-1, -3, -8, and -9 (Hirabayashi et al. 2002; Stowell et al. 2008; Zhuo and Bellis 2011) , whereas α2-3 sialylation substantially enhances the affinity of the N-terminal CRD of galectin-8 (Gal-8N) but not the C-terminal CRD of galectin-8 (Gal8-C) or galectin-3 (Hirabayashi et al. 2002) . Thus, we proposed that changes in cell surface glycosylation, such as the sialylation status of cell surface glycans, can impact galectin-mediated intracellular responses resulting from the interaction of cytosolic galectins with these glycans following endocytosis and vacuole damage.
In this study, we utilized macrophages from homozygous wildtype (gal3
) and homozygous Lgals3 gene knockout (gal3 -/-) mice as a model to delineate the function of endogenous galectin-3 during intracellular LM infection. We report that, unlike galectin-8, galectin-3 promotes bacterial survival by suppressing the activation of antibacterial autophagy. This anti-autophagic activity of galectin-3 is dependent on the presence of host N-glycans on damaged phagosomal membranes, which induce galectin-3 accumulation near damaged phagosomes containing bacteria. By studying galectin-3 and galectin-8 double-knock-out macrophages, we further demonstrate that galectin-3 does not inhibit autophagy simply by blocking galectin-8 binding to glycan ligands, but is an active player in downregulating autophagy. Importantly, we show that changes in cell surface glycosylation may impact the outcome of infections through the antagonistic interaction of galectin-3 and galectin-8 in regulating antibacterial autophagy. This study provides significant insight into the role of intracellular galectins in bacterial pathogenesis and the innate immune function of macrophages.
Results
Galectin-3 accumulates at damaged LM-containing phagosomes and exerts a protective effect on LM in macrophages
Given that galectin-3 was shown to accumulate at damaged bacteria-containing vacuoles (Dupont et al. 2009; Paz et al. 2010; Thurston et al. 2012) , we examined the distribution pattern of this protein in mouse macrophages during LM infection via immunofluorescence staining. While significant accumulation of galectin-3 was observed adjacent to wild-type (WT) LM at 1 h post-infection in mouse J774 macrophages ( Figure 1A ), this effect was not observed in J774 cells infected with the LM Δhly strain, which is deficient in the pore-forming cytolysin listeriolysin O (LLO) and is unable to escape from host cell vacuoles ( Figure 1A ) (Jones and Portnoy 1994) . These data indicate that recruitment of galectin-3 to the LM-containing phagosome occurs after phagosomal integrity is compromised by the bacterium. To clarify the topological localization of galectin-3 with regard to LM-containing phagosomes, we performed immuno-transmission electron microscopy (immuno-TEM). As expected, sparse intracellular labeling of galectin-3 was detected throughout the cytoplasm of uninfected bone marrow-derived macrophages (BMMs), with no evident accumulation at any compartment [data not shown and Beatty et al. (2002) ]. In LM WT-infected BMMs, galectin-3 was observed to accumulate in the vicinity of the bacterium, where the vacuolar membrane structure had been disrupted (Figure 1B, arrow) . Conversely, galectin-3 localized to the cytosolic face of bacterial phagosomes in LM Δhly-infected BMMs ( Figure 1C ).
To gain a better understating of the kinetics of galectin-3 recruitment to LM, we monitored galectin-3-EGFP distribution in J774 macrophages during LM infection by live cell imaging. The majority of internalized LM were observed in LysoTracker-negative vacuoles. Figure 1D (arrows) shows the infectious process of an individual bacterium that was tracked from cell surface adhesion to uptake by the macrophage (28'), residence in the vacuole (34'), phagosomal escape (47' to 55'), presence in the cytosol and the initiation of galectin-3 recruitment (64' to 78'), rapid accumulation of large amounts of galectin-3 (79'), and appearance of the second and third bacterium (83' to 120'). Initial recruitment of galectin-3 to the cytosolic LM occurred slowly (73' to 78'); however, within a one-minute span (78' to 79'), the galectin-3-EGFP signal around the bacterium intensified strikingly. These observations suggest that the recruitment of intracellular galectin-3 to cytosolic LM occurs rapidly. Notably, accumulation of galectin-3-EGFP occurred around the same time window of LM escape, and the red color representing labeled LM was no longer visible at that time. +/+ BMMs were infected with LM WT (B) or LM Δhly (C) at an MOI of 5 for 30 min. Cells were fixed, prepared for cryosectioning, and labeled using a galectin-3-specific antibody conjugated to 10-nm gold particles. Scale bars represent 100 nm. (D) Time-lapse images of rapid recruitment of cytosolic galectin-3 to escaping LM. J774 cells stably expressing galectin-3-EGFP were loaded with LysoTracker Red DND-99 and infected with BacLight Red-stained LM WT at an approximate MOI of 100. Cells were monitored by confocal microscopy and live images were taken at 1-min intervals. Galectin-3 is shown in green, LM is shown in red, and LysoTracker is shown in blue. Arrows point to specific bacteria followed over the time course. To assess whether galectin-3 is involved in LM phagosomal escape or host actin polymerization, respectively, we infected gal3
and gal3
-/-BMMs with LM Δhly or LM ΔactA, the latter being unable to induce actin-based motility within the host cell cytosol (Skoble et al. 2000) . Due to the inability of LM Δhly to escape lysosomal destruction, this strain was almost completely eliminated by both BMM cell populations by 24 h post-infection. Likewise, the non-motile LM ΔactA mutant exhibited lower survival rates in both populations than LM WT. Moreover, the numbers of viable LM ΔactA were significantly lower in gal3 -/-BMMs than in gal3 
BMMs compared to gal3
+/+ BMMs, during the early stages of infection ( Figure 1G ); this phenomenon was observed upon infection with either LM WT or LM ΔactA. These findings are therefore consistent with galectin-3 exerting a protective effect on intracellular LM, as mentioned above.
Recruitment of galectin-3 to the vicinity of LM is dependent on host N-glycans
To clarify whether the rapid recruitment of galectin-3 to cytosolic LM is mediated by binding of galectin-3 directly to LM or to exposed host glycans, we modified the N-glycan composition of the J774 mouse macrophages using glycosylation enzyme inhibitors. Kifunensine (KIF) is an alkaloid compound that exhibits potent and selective inhibition of Golgi α-mannosidase I, which when placed in the cell culture medium causes a complete shift in the structure of Nlinked oligosaccharides from complex chains to Man9(GlcNAc)2 (high mannose) varieties (Elbein et al. 1990) , and thereby a loss of galectin-preferred complex type N-glycans ( Figure 2A ). After confirming that the structures on the surface of J774 cells recognizable by recombinant human galectin-3 ( Figure 2B ) and phytohemagglutinin-L (PHA-L), a plant lectin that preferably recognizes β1-6GlcNAc branched N-glycans, (data not shown) were markedly decreased in cells treated with KIF (20 μM) for 2 days, we infected KIF-treated J774 cells with LM WT. Notably, we found that colocalization of galectin-3 with LM WT was substantially decreased in these cells, compared to untreated cells, at 1 h post-infection ( Figure 2D and E). We also monitored the kinetics of galectin-3 recruitment to LM under the influence of KIF via high-content imaging analysis. Recruitment of galectin-3 to LM peaked at 30 min-1 h postinfection, and KIF treatment resulted in a dramatic reduction in galectin-3 recruitment to both LM WT and LM ΔactA ( Figure 2F ). As an alternative to KIF treatment, we generated a RAW264.7 cell line with a deletion of the gene encoding mannoside acetylglucosaminyltransferase 1 (Mgat1), which is necessary for the biosynthesis of hybrid and complex N-glycans ( Figure 2A ) (Chen and Stanley 2003) , using a CRISPR (clustered regularly interspaced short palindromic repeats)-Cas9 expression system. Deletion of Mgat1 gene resulted in loss of complex N-glycans, as determined by an absence of structures recognizable by PHA-L at the cell surface (data not shown). Mgat1 deficiency also resulted in a substantial reduction in the glycan structures recognizable by recombinant human galectin-3 ( Figure 2C ). Consistent with the results of the KIF experiment, recruitment of galectin-3 to LM was significantly decreased in Mgat1-KO cells compared to WT cells ( Figure 2G ). Together, these data indicate that host hybrid and complex N-glycans are required for the recruitment and accumulation of galectin-3 at the vicinity of LM. Interestingly, we also noted that more galectin-3 accumulated around LM ΔactA than around LM WT, which could be due to the fact that LM ΔactA is non-motile and therefore may be less capable of shedding the phagosomal membrane remnant coat that contains N-glycans.
Lack of galectin-3 results in enhanced autophagy activation
LM has been shown to induce activation of host cell autophagy and to interact with the host autophagic machinery, including the autophagy marker LC3 (Birmingham et al. 2007; Meyer-Morse et al. 2010; Py et al. 2007 ). To investigate whether galectin-3 is involved in antibacterial autophagy, we examined the association of LM and LC3 in gal3 +/+ and gal3 -/-cells by confocal microscopy. At 1 h postinfection, we observed more prominent colocalization of LC3 with both LM WT and LM ΔactA in gal3 -/-BMMs than in gal3 +/+ cells ( Figure 3A) . Indeed, quantitative analyses showed a significantly higher percentage of LC3-positive LM WT in gal3 -/-BMMs compared to gal3 +/+ BMMs ( Figure 3B ). Moreover, a time course study of WT and galectin-3-knock-out (G3-KO) RAW264.7 cells infected with LM WT or LM ΔactA clearly showed that recruitment of LC3 to LM was more efficient in G3-KO cells than in WT cells ( Figure  3C ). We also noticed a higher degree of LC3 recruitment to LM ΔactA than to LM WT, which is consistent with a previous report that LM ΔactA is more susceptible to autophagic recognition (Yoshikawa et al. 2009 ). In addition, we assessed LM-induced autophagy activation in gal3 +/+ and gal3 conversion of LC3-I to LC3-II by immunoblot analysis (Mizushima et al. 2010 ). Gal3 -/-BMMs infected with WT LM exhibited higher levels of LC3-II at 6 h and 24 h post-infection than did infected gal3 +/+ BMMs ( Figure 3D ). Similarly, LM ΔactA-induced LC3-II expression levels ( Figure Supplementary Figure 2A ) and LC3 puncta counts per cell (Supplementary Figure 2B) were higher in G3-KO RAW264.7 cells than in WT cells. These data indicate that autophagy activation and recruitment of LC3 to LM were enhanced in cells lacking galectin-3. In other words, galectin-3 dampens the formation of LC3-positive autophagosomes surrounding intracellular LM.
An enhanced autophagic response is responsible for poor LM growth in galectin-3-deficient macrophages
Because LM ΔactA is more susceptible to autophagic recognition and triggers a higher degree of LC3 recruitment to the vicinity of bacteria than LM WT does (Yoshikawa et al. 2009 ), we used LM ΔactA for all the following infection experiments. To determine whether the reduced LM growth observed in galectin-3-deficient macrophages was due to an enhanced antibacterial autophagic response, we assessed LM growth in BMMs treated with the phosphoinositide kinase 3 (PI-3) inhibitor 3-methyladenine (3-MA), which is known to inhibit autophagy (Blommaart et al. 1997; Wu et al. 2010 ). The inhibitory effect was confirmed by decreased induction of LC3-II levels after LM infection of BMMs (data not shown). Suppression of autophagy by 3-MA resulted in a substantial increase in LM growth in gal3 -/-BMMs, and only a mild increase in LM growth in gal3 +/+ BMMs. Importantly, the observed difference in LM ΔactA replication between gal3 +/+ and gal3 -/-BMMs was diminished after 3-MA treatment ( Figure 3E ). Similar results were obtained using RAW264.7 cells: when Atg5 expression was knockeddown by siRNA, there was no difference in LM ΔactA growth within WT or G3-KO RAW 264.7 cells ( Figure 3F ). Collectively, these findings indicate that an enhanced autophagic response restricts LM growth in gal3-deficient macrophages.
Galectin-3 suppresses the LM-induced autophagic response in the absence of galectin-8
Galectin-8 was previously shown to promote antibacterial autophagy through binding to host glycans on damaged pathogencontaining vesicles (Thurston et al. 2012) . Since complex N-glycans are the major ligands for galectin-3 and galectin-8 (Patnaik et al. 2006) , and there are overlaps in the overall sugar-binding profiles of these two galectins (Hirabayashi et al. 2002) , we investigated whether galectin-3 suppresses antibacterial autophagy simply by competing for N-glycan ligands with galectin-8. To this end, we generated galectin-8-KO (G8-KO) and galectin-3/galectin-8-double KO (G3/8-DKO) RAW264.7 cell strains using the CRISPR-Cas9 system (Supplementary Figure 3) . We compared the colocalization ratio of LC3 with LM ΔactA by immunofluorescent staining, and found that at 1 h post-infection, the percentage of LC3-positive LM ΔactA was significantly higher in G3/8-DKO cells than in G8-KO cells ( Figure  4A and 4B) . Correspondingly, at 6 h post-infection, we detected significantly reduced LM ΔactA replication in G3/8-DKO cells than in G8-KO cells ( Figure 4D ). Together, these data clearly show that galectin-3 suppresses antibacterial autophagy even when galectin-8 is absent. Therefore, galectin-3 does not simply compete for glycan ligands with galectin-8, but plays an active role in down-regulating antibacterial autophagy.
Host N-glycans are critical for the anti-autophagic function of galectin-3
We further investigated whether the anti-autophagic function of galectin-3 is dependent on interactions between galectin-3 and host N-glycans. KIF treatment led to increased LC3 recruitment to LM ΔactA in G8-KO RAW264.7 cells but not G3/8-DKO cells, and the percentages of LC3-positive LM ΔactA became comparable between G8-KO and G3/8-DKO cells ( Figure 4C ) suggesting that abrogation of galectin-3-N-glycan binding upregulates the antibacterial autophagic response. Moreover, depletion of complex N-glycans by KIF treatment resulted in decreased LM ΔactA replication in G8-KO cells but not in G3/8-DKO cells ( Figure 4D) . Similarly, the difference in LM ΔactA growth between G8-KO and G3/8-DKO cells disappeared after KIF treatment. Notably, treatment of macrophages with KIF did not affect cell viability, as determined by a 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) cytotoxicity assays (data not shown), nor did it affect LM phagosomal escape, as the percentages of F-actin-positive LM WT were comparable between control and KIF-treated J774 cells (data not shown). Polymerization of host actin on the LM surface occurs only when the bacterium has entered the cytoplasm (Bohne et al. 1994 ). Collectively, these data indicate that host N-glycans are essential for the suppressive effect of galectin-3 on antibacterial autophagy.
Sialidase treatment increases galectin-3 recruitment to LM and promotes LM growth by down-regulating antibacterial autophagy
As noted above, while galectin-3 and galectin-8 both recognize host Nglycans on damaged pathogen-containing phagosomes, the two exert opposite functions in antibacterial autophagy. Furthermore, even though the overall sugar-binding preference of galectin-8 overlaps with that of galectin-3, there are certain distinctions in the fine specificities of these two molecules (Grigorian et al. 2009; Hirabayashi et al. 2002) . For example, the presence of α2-3-and α2-6-linked sialic acid on the terminal galactose of poly-N-acetyllactosamine (poly-LacNAc) chains blocks galectin-3 binding (Zhuo and Bellis 2011) . On the other hand, terminal α2,3-sialylation results in much higher affinity for the N-terminal CRD of galectin-8 (Gal-8N) (Hirabayashi et al. 2002; Ideo et al. 2011) , which is essential for detecting lysosomal damage (Thurston et al. 2012 ). Thus, modulation of terminal sialylation on N-glycans may affect the relative binding and accumulation of cytoplasmic galectin-3 and galectin-8 to bacteria-containing damaged phagosomes during infection, and consequently impact the balance of antibacterial autophagic responses. First, we confirmed that treatment of RAW264.7 macrophages with a cocktail of sialidases to remove α2-3, -6, -8, and -9-linked sialic acid residues resulted in a lower amount of structures recognizable by maackia amurensis lectin II (MAL-II), a plant lectin that binds to carbohydrates that contain sialic acid ( Figure 5A ). On the other hand, the treatment resulted in a higher amount of structures recognizable by recombinant galectin-3 ( Figure 5B ). Immediately after sialidase treatment, the cells were co-incubated with LM ΔactA for 30 min to allow the bacteria to be phagocytosed. The cells were then washed to remove unbound LM, and gentamicin was added to kill any remaining extracellular bacteria. Therefore, only the glycans present on the cell surface within 30 min after the removal of sialidase were internalized along with the bacteria and become exposed to the cytosol due to phagosome lysis induced by viable LM ΔactA. Sialidase treatment resulted in decreased intracellular galectin-8 recruitment to the vicinity of LM ΔactA in infected WT RAW264.7 cells ( Figure 5C ) at 1 h post-infection. In G8-KO RAW264.7 cells, after sialidase treatment, the percentage of LM ΔactA that attracted galectin-3 was doubled from 1 h to 4 h ( Figure 5D ), and the number of LM ΔactA per cell was also doubled at 4 h post-infection ( Figure  5E ). This indicates that removal of terminal sialic acid residues resulted in increased galectin-3 recruitment to host glycans on damaged phagosomes surrounding LM, leading to increased LM replication. Lastly, we showed that sialidase treatment enhanced galectin-3 recruitment ( Figure 5F ) and inhibited LC3 recruitment to LM ΔactA within BMMs ( Figure 5G ). In Gal3 -/-BMMs, however, we still observed decreased LC3 recruitment to LM ΔactA after sialidase treatment ( Figure 5G ), which is in agreement with the notion that the absence of N-glycan sialylation may also decrease LC3 recruitment through galectin-8. Collectively, these data indicate that removal of terminal sialic acids from cell surface N-glycans can result in increased and decreased recruitment of galectin-3 and galectin-8 to damaged LM-containing phagosomes, respectively, thereby down-regulating the antibacterial autophagic response and favoring intracellular LM growth.
Discussion
Phagosomal damage induced by intracellular pathogens results in exposure of luminal glycans to the cytosol, followed by recruitment and accumulation of galectins, such as galectin-3, -8 and -9. In this study, we provide evidence that recruitment of cytosolic galectin-3 to host complex type N-glycans on damaged phagosomes results in suppression of the antibacterial autophagy response, thereby protecting intracellular LM. Importantly and intriguingly, we demonstrated that removal of sialic acids from cell surface glycans led to increased galectin-3 accumulation and decreased galectin-8 accumulation at damaged LM-containing phagosomes, indicating that cytosolic galectins are capable of sensing alterations in glycan structures that occur on the cell surface following phagocytosis and phagosomal membrane damage. Moreover, desialylation of cell surface glycans preceding LM infection resulted in down-regulation of the antibacterial autophagy response, implying that alterations of glycan structure that affect the relative binding affinities of different galectin members can impact the balance of cellular responses they regulate ( Figure 6 ). Interestingly, the role of galectin-3 in suppressing antibacterial autophagy reported here contrasts with that described for galectin-8. Although most galectins bind to N-acetyllactosamine (LacNAc)-containing structures, each galectin exhibits unique specificities to particular glycan structures (Rabinovich and Toscano 2009) . Frontal affinity chromatography analyses revealed that the overall sugarbinding profile of galectin-8 resembles that of galectin-3 (Hirabayashi et al. 2002) . Also, both molecules show affinity toward repeated structures of LacNAc, blood group A and B antigens (Stowell et al. 2010) , and the antigenic determinant of Providencia alcalifaciens O5 (PA O5) (Stowell et al. 2014) . Moreover, both galectin-3 and -8 exhibit particular preferences for certain glycolipid-type glycans (Hirabayashi et al. 2002) . However, some distinct features between galectin-3 and galectin-8 exist. For instance, although both galectin-3 and galectin-8 bind to blood group B antigen, only binding of galectin-8 induces direct killing of blood group B-positive bacteria (Stowell et al. 2010) . Furthermore, while galectin-8 binds with high affinity to glycosphingolipids, including GM3 and GD1a, galectin-3 exhibits only limited affinity to these molecules (Ideo et al. 2003; Rabinovich and Toscano 2009) . The partial overlap in carbohydrate binding specificities between galectin-3 and galectin-8 led us to consider whether galectin-3 inhibits the autophagy response simply by competing for glycan ligands of galectin-8. We clarified this point by demonstrating that galectin-3 actively suppresses antibacterial autophagy, even in the absence of galectin-8, by using G8-KO and G3/8-DKO macrophages.
In addition to glycans, galectins can bind to non-glycosylated proteins via-protein-protein interactions. This enables galectins to serve as "signal hubs" that receive information encoded by sugars and relay these signals by interacting with downstream proteins to induce appropriate cellular responses. Galectin-8 promotes autophagy by interacting specifically with NDP52, an autophagy receptor/adaptor protein that binds to LC3. NDP52 also detects ubiquitinated targets (Thurston et al. 2009 ), and Thurston et al. demonstrated that DNP52 is recruited to Salmonella-containing vesicles in two waves: an early surge mediated by galectin-8 and a late phase dependent on ubiquitin (Thurston et al. 2012) . In our study, we also noted that accumulation of galectin-3 at damaged LMcontaining phagosomes peaked at 1 h post-infection, and dropped drastically between 2 and 4 h post-infection ( Figure 2F and 2G) . In contrast, recruitment of ubiquitin and the adaptor protein p62 to damaged phagosomes gradually increased and persisted until the end of our experiment (8 h post-infection; Supplementary Figures 4A,B) . The kinetics of galectin-3 and ubiquitin recruitment to damaged LM-containing phagosomes resembled that of galectin-8 and ubiquitin, respectively, as reported by Thurston et al. (2012) . During LM infection, p62 and NDP52 are recruited independently to LM (Mostowy et al. 2011) . We found that galectin-3 does not affect the recruitment of ubiquitin or p62 to LM (Supplementary Figures 4A  and 4B ). Moreover, treatment of cells with KIF, which depletes complex N-glycans and abolishes galectin-3 recruitment to LM, had no impact on the recruitment of p62 (Supplementary Figures 4C and 4E) or ubiquitin (Supplementary Figures 4D and 4F ) to LM. These results suggest that recognition of LM by ubiquitin and p62 occurs independently of host N-glycans or galectin-3. Thus, galectin-3 does not suppress autophagy via the ubiquitin-p62 pathway. However, whether galectin-3 influences NDP52 recruitment awaits further investigation. Distinct from galectin-8, galectin-3 is a chimeric-type galectin that contains a single CRD fused to an N-terminal non-CRD region composed of proline-and glycine-rich repeating segments. Galectin-3 has been shown to bind to intracellular proteins through protein-protein interactions (Yang et al. 1996) . While galectin-3 does not physically interact with either p62 or NDP52 (Thurston et al. 2012) , it is possible that after recognition of host N-glycans on damaged phagosomes, the N-terminal domain of galectin-3 binds to other molecules through protein-protein interactions and thereby contributes to the anti-autophagic effect.
As carbohydrate-binding proteins, many studies of galectin functions have focused on their extracellular interactions with cell surface glycoproteins and the ensuing signaling cascades induced by galectin-glycan lattice formation (Garner and Baum 2008) . However, the predominant localization of galectin in the cytosol suggests that it must play crucial roles intracellularly, and an increasing number of studies have supported this hypothesis. Other research groups showed that galectins can survey the cytosol for the abnormal appearance of complex carbohydrates, which can originate from phagosomes lysed by bacteria (Feeley et al. 2017; Paz et al. 2010; Thurston et al. 2012) , endosomes damaged by adenovirus (Maier et al. 2012; Montespan Fig. 6 . Alterations in glycan structures may affect the relative affinities of galectin-3 and galectin-8 to glycans on damaged phagosomes and modulate the balance of the autophagic response. During phagocytosis of bacteria, cell surface host glycans are internalized along with the bacteria and are confined within the luminal side of the phagosome. Upon bacteria-induced phagosome damage, host glycans become exposed to the cytosol and are accessible to galectins. Changes in cell surface glycan structures alter the relative binding affinity of galectin-3 and galectin-8 to the glycans following internalization and phagosome damage. As an example, when terminal sialic acids are present on the glycans (without sialidase), galectin-8 has higher affinity towards the glycans than galectin-3 does, leading to a stronger autophagic response. When sialic acids are removed from the glycans (with sialidase), their binding affinity increases towards galectin-3 but decrease towards galectin-8, resulting in a weaker autophagic response. Monosaccharide symbols follow the SNFG (Symbol Nomenclature for Glycans) system (Varki et al. 2015) .
et al. 2017) or calcium phosphate precipitates (Chen et al. 2014) , or lysosomes ruptured due to protein aggregates (Jiang et al. 2017) , amyloid beta peptide (Oku et al. 2017) , or other lysosomotropic compounds (Maejima et al. 2013; Thurston et al. 2012) . Thus, galectins are uniquely suited to serve as intracellular danger sensors for cytosolic exposure of glycans induced by infection or cellular stress. Moreover, each respective galectin family member might transduce distinct signals in response to cytosolic glycan exposure. As we demonstrated in the present study, galectin-3 and galectin-8 exert opposing effects on the regulation of antibacterial autophagy during LM infection. In addition, while galectin-3, -8 and -9 are recruited to damaged phagosomes, endosomes and lysosomes, galectin-1 accumulates only at damaged lysosomes, suggesting compartment-specific differences in distribution of galectin ligands (Thurston et al. 2012 ). This phenomenon also suggests that rupture of different vesicular compartments might lead to different outcomes, depending on the combination of galectins that are recruited.
Typically, changes in cell surface glycosylation by extracellular factors such as pathogen-derived sialidase/neuraminidase affects binding between the glycosylated ligand and cell surface lectins such as siglecs, leading to activation or inhibition of signaling events (Crocker et al. 2007) . In this study, we proposed a novel concept that alterations to cell surface glycans can directly influence their binding of cytosolic galectins following phagocytosis and phagosome damage. Remarkably, changes in glycan structure alter the relative binding affinity of galectin-3 and galectin-8, and the differential recruitment of galectin-3 and galectin-8 to damaged phagosomes determine the strength of antibacterial autophagy. Our findings underscore how glycans impact cellular responses through intracellular galectins, and how extracellular glycosidases shape the outcome of these responses. Finally, our study highlights the versatility of galectin members as cytosolic sentinels that regulate cell-autonomous immunity.
Materials and methods

Mice and reagents
Gal3
-/-mice were generated as described previously (Hsu et al. 2000) and backcrossed to C57BL/6 mice for nine generations. Gal3 +/+ and gal3 -/-littermates were obtained from gal3 +/-breeders, maintained in standard specific-pathogen-free environments, and used at 6-12 weeks of age. All the experiments were approved by the Institutional Animal Care and Use Committee of the University of California, Davis (Sacramento, CA) or Academia Sinica (Taipei, Taiwan). 3-methyladenine (3-MA) was purchased from Merck, while kifunensine and the sialidases (neuraminidases) from Arthrobacter ureafaciens (linkage specificity: α2-3, -6, -8, -9) and Clostridium perfringens (α2-3, -6, -8) were purchased from Sigma.
Cell lines and bacterial strains
Two mouse macrophage cell lines were used in this study: RAW264.7 (ATCC No. TIB-71) and J774A.1 (ATCC No. TIB-67). RAW264.7 cells were cultured in R10 medium [RPMI 1640 (Gibco TM ) supplemented with 20 mM HEPES, non-essential amino acids (NEAA, Gibco TM ), and 10% fetal bovine serum (FBS)]. J774A.1 cells were cultured in DMEM medium supplemented with 10% FBS. The LM strains used in this study included 10,403 S (WT strain), DP-L2161, which contains an in-frame deletion of the hly gene (Δhly), and DP-L3078, a strain containing an in-frame deletion of actA (ΔactA, Δ7-633). Both mutants were derived from 10,403 S and were obtained from Dr. Daniel Portnoy (Jones and Portnoy 1994; Skoble et al. 2000) . Bacteria were cultivated in brain heart infusion (BHI) broth (Becton Dickinson and Company). For storage, LM strains were grown in BHI broth to mid-log and stored as frozen aliquots at -80°C.
Generation of knockout cell lines by CRISPR-Cas9
All RNAi reagents, including the pAll-Cas9.pPuro an all-in-one CRISPR/Cas expression system, were obtained from the National RNAi Core Facility at the Institute of Molecular Biology/Genomics Research Center, Academia Sinica, Taiwan. The National RNAi Core Facility is supported by the National Core Facility Program for Biotechnology Grants from the Taiwan National Science Council (NSC; NSC 100-2319-B-001-002). Briefly, cloning of annealed guide oligos into the sgRNA expressing vector (pAll-Cas9.pPuro) was designed as follows: GCACACGCCGGCCCCGAAAC (for Mgat1 KO), TAGCTTAACGATGCCTTAGC (for Lgals3 KO), and ACTTTAACCCTCGGTTCAAA (for Lgals8 KO). To generate the CRISPR/Cas-mediated knockout cell lines, 2 μg of pAll-Cas9.PpuroMgat1, pAll-Cas9.Ppuro-Lgals3, or pAll-Cas9.Ppuro-Lgals8 were transfected into 2 × 10 6 RAW 264.7 cells using Lipofectamine™ 3000 reagent (Invitrogen), after which cells were subjected to puromycin selection (1.5 μg/ml). The following day, individual cell clones were sorted using a BD FACSAria III cell sorter (Becton Dickinson). Cell clones established using the CRISPR-Cas system were validated by T7 endonuclease I assay and immunoblot analysis for target protein expression (data not shown).
Preparation of bone marrow-derived macrophages
Mouse BMMs were prepared as previously described (Sano et al. 2003) . Briefly, bone marrow harvested from the femurs and tibias of mice were cultured in R10 medium supplemented with 10 ng/mL mouse GM-CSF (Peprotech). After one day of culturing, non-adherent cells were transferred to new petri dishes and cultured for another 6-9 days. Adherent cells were harvested on days 7−11 and plated for subsequent experiments. All cells were cultured under standard conditions: 37°C with 5% CO 2 .
Infection of BMMs with LM and bacterial load assays
For infection assays, overnight cultures of LM were diluted 1:5 in fresh BHI broth and grown at 37°C for an additional 1.5 h with shaking to an OD 600 of 0.5. Mid-log phase LM were washed with PBS, resuspended in antibiotic-free medium, and added to the BMMs. Plates were then centrifuged at 500 × g for 5 min to promote contact between bacteria and BMMs. The cells were incubated at 37°C for 30 min, washed twice with PBS, and provided fresh R10 medium containing 10 μg/mL gentamicin to kill extracellular bacteria. For detection of viable CFUs, cells were washed with PBS at 30 min, 2 h, 5 h, 24 h, or 48 h postinfection, and lysed by incubation in 100 μL of sterile PBS containing 0.1% TX-100 for 5 min. Lysates were serially diluted in sterile PBS and plated on BHI agar, and colonies were counted after overnight incubation at 37°C. For initial bacterial load assays, in order to monitor the kinetics of bacterial growth within macrophages for a longer period of time (>24 h), cells were infected with a low MOI of 0.25.
Sialidase treatments
RAW264.7 or BMM cells were plated in 96-well plates at a density of 3 × 10 4 cells/well in 100 μL R10 medium. The sialidases (neuraminidase) from A. ureafaciens and from C. perfringens were diluted in serum-free RPMI culture medium to a final concentration of 0.3 U/mL. Cells were incubated in serum-free sialidase-containing medium for 1 h at 37°C. Excess sialidase was removed by washing for three times with serum-free RPMI.
Immunofluorescence assays
BMMs, J774A.1 or RAW264.7 cells were seeded on 12-mm glass coverslips in 24-well culture plates and infected with LM at an MOI of 5. At indicated time points, cells were fixed with 4% paraformaldehyde for 10 min, permeabilized with 0.05% saponin, and then blocked with 2.5% casein in HEPES buffered saline (HBS) containing 1% BSA. Cells were stained with primary antibodies overnight at 4°C. After three washes with HBS containing 1% BSA, cells were stained with the appropriate secondary antibodies for 1 h at room temperature (RT), washed three times with HBS containing 1% BSA, and mounted with DAPI Fluoromount-G (SouthernBiotech). Stained cells were visualized using a Carl Zeiss LSM 780 Laser Scanning Confocal Microscope (Oberkochen). Primary antibodies used in this study include: goat anti-human galectin-3 (home-made), mouseanti-human galectin-8 (MAB1305, R&D Systems), mouse anti-SQSTM1/ p62 (Abcam), mouse anti-ubiquitin clone FK2 (Millipore), mouseanti-LC3 mAb (M152-3; MBL International), and rabbit antiListeria antisera (Denka Seiken).
High-content imaging analysis
Cells were plated in CellCarrier-96 plates (PerkinElmer) at a density of 3 × 10 4 cells/well in 100 μL culture medium. After the indicated treatment and infection, cells were processed for immunofluorescence staining as described in the Immunofluorescence assays section. Images were acquired and analyzed using the ImageXpress Micro XLS Widefield High-Content Analysis System (Molecular Devices).
Live cell imaging with time-lapse microscopy
Galectin-3-EGFP-expressing J774 cells were grown on glass coverslips, loaded with 1 μM LysoTracker Red DND-99 (Molecular Probes), and incubated at 37°C for 10 min. Cells were washed twice with PBS, and then incubated with fresh DMEM medium containing 10% FBS. LM from mid-log phase cultures was labeled with BacLight Red bacterial stain (Molecular Probes), according to the manufacturer's instructions, and resuspended in PBS. Immediately before placing the cells under the microscope, labeled LM were added to the cell culture at an approximate MOI of 100. This high MOI was used to increase the chance of cell-LM contact because we could not centrifuge the apparatus containing the glass coverslip under this experimental setting. Live cell imaging was performed using an UltraVIEW Live Cell Imaging (LCI) Confocal Scanner (PerkinElmer) equipped with an environmental control chamber (37°C, 5% CO 2 ) at 100× magnification. Images were taken at 1-min intervals and analyzed with Volocity software (Improvision, PerkinElmer).
Immuno-transmission electron microscopy
Gal3 +/+ and gal3 -/-BMMs were grown in 6-cm petri dishes and infected with LM WT or LM Δhly at an MOI of 5 for either 30 or 60 min. Cells were then washed twice with PBS, fixed with 4% paraformaldehyde in 0.1 M Sorenson's phosphate buffer, and collected in Eppendorf tubes for ultrathin cryosectioning. For immunolabeling of galectin-3, samples on gold grids were blocked with 1% fish gelatin in dH 2 O for 30 min at RT, and incubated overnight at 4°C with 0.2, 0.5 or 1 μg/mL goat anti-human galectin-3 in PBS. After seven washes with PBS, samples were incubated with 10-nm gold-conjugated anti-goat IgG (G-5527; Sigma) diluted 1:50 in PBS, incubated for 1 h at RT, and processed for staining with 4% uranyl acetate in 70% EtOH and lead citrate solution. Samples were analyzed using a Philips CM120 BioTwin Lens (FEI Company) with a Gatan MegaScan model 794/20 2 K × 2 K digital camera.
Immunoblot analyses
BMMs were infected with LM at an MOI of 5. At 30 min postinfection, cells were washed with PBS twice and incubated in fresh R10 medium supplemented with 10 μg/mL gentamicin. At 6 h and 24 h post-infection, cells were washed with PBS and lysed with RIPA lysis buffer [20 mM Tris-HCl (pH 7.4), 150 mM NaCl, 2% Triton X-100, 0.5% deoxycholate, and 0.1% SDS] containing a protease inhibitor cocktail (1:100) (Calbiochem, Billerica, MA).
Lysates were centrifuged at 14,000 × g for 15 min at 4°C, and the total protein concentrations of the resulting supernatants were measured using a Pierce TM BCA protein assay kit (Thermo Scientific, Waltham, MA). Between 10 and 20 μg of total protein were mixed with 6× sample loading buffer and boiled at 95°C for 10 min. Protein samples were then separated by 14% SDS-PAGE, transferred to PVDF membranes, and immunoblotted using rabbit anti-alpha tubulin (Epitomics), rabbit-anti-human galectin-3 and rabbit-anti-LC3A/B (Cell Signaling) antibodies.
Flow cytometry
For analyses of lectin binding to the cell surface, cells (10 6 /mL) were incubated in PBS containing 2% BSA with 2 μg/mL of FITC-PHA-L (Vector Labs) or 1 μg/mL of FITC-recombinant human galectin-3 for 20 min at 4°C. For MAL-II binding, cells were incubated with 5 μg/mL of biotin-MAL-II for 30 min followed by streptavidin-AL488 for 20 min at 4°C. After washing with PBS containing 2% BSA for three times, cells were analyzed with the Attune NxT flow cytometer (Thermo Fisher Scientific). The data were further analyzed with the FlowJo software.
Statistical analysis
All experiments were performed at least three times. Statistical analyses were performed using GraphPad Prism software. Statistical significance (P < 0.05) was calculated by unpaired Student's t-tests.
Supplementary data
Supplementary data is available at GLYCOBIOLOGY online.
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